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Preface
Since the very beginning of laser technology, the limitations in the power-handling capability of optical components were always an obstacle for the development of laser systems and applications operating at high power levels and improved beam quality. In the early days of laser development, mainly the inclusions in laser rod materials were discussed as a major complication in the augmentation of the output power in solidstate laser systems. Nowadays, in the course of the development of optical materials with excellent quality and power-handling capability, the problem of laser-induced damage has shifted from the bulk to the surface of the optical component. During the last two decades, considerable progress has been achieved by an ever-growing scientific community working in various areas of high-power optical materials and components. For example, the development of stable coatings for ultrashort pulse systems was an essential milestone in the introduction of femtosecond (fs) lasers, which in turn initiated novel and exciting research fields and industrial and even medical applications. These advances were complemented by significant progresses in the theoretical modeling of fs laser-induced damage phenomena resulting in a deeper understanding of the underlying electronic excitation effects. Semiconductor lithography, with its trend toward shorter wavelengths, is another essential pacemaker in the development of highpower optics with long lifetimes. Nowadays, industrial stepper systems operating at the wavelength 193 nm of the ArF excimer laser depend on optics with extremely high quality and stability. Also, the first tools of the next generation of lithography based on imaging procedures in the extreme ultraviolet (EUV) spectral region have been implemented with the target of reaching even smaller half-pitch values well below 20 nm for integrated circuit designs. Some of the wide variety of prominent applications in fundamental research where high-power lasers play an important role are laser medicine, gravitational wave detection, and nuclear fusion. Looking back more than 50 years since the demonstration of the first ruby laser, it is apparent that the history of laser technology cannot be written without mentioning the advances in optical high-power materials and components. The subject of this book is the emerging area of research in laser damage occurring in the bulk and on the surface or the coating of optical components. Far from covering all aspects of laser damage published in thousands of scientific papers during the last five decades, the present compilation is intended to offer a comprehensive overview on recent developments in this vivid field. The main idea is to provide a fundamental reference for readers interested in the various fields of laser technology, photonics, or fundamental research, as well as optical component, material, and coating production.
Focusing on the major topics of laser-induced damage in optical materials, this book is divided into four sections. The first section is dedicated to the fundamentals of laser damage and is introduced by a brief history including major definitions and developments in the field. In the four chapters that follow, the dominating laser damage mechanisms are discussed, including thermal degradation effects, defect-induced damage, and select nonlinear effects leading to catastrophic failures of optical media. The final x chapter of the first section discusses the latest theoretical approaches in the description of damage phenomena in the ultrashort pulse regime.
The reliable measurement of laser-induced damage thresholds and related quality parameters of optical components is a major prerequisite for research in high-power optics and their optimization. In this context, the second section of the book gives an overview on the measurement and detection of laser damage as well as on the evaluation of statistical data recorded during the applied measurement protocols. The corresponding two chapters are of central importance for the understanding and ranking of laser damage data published in the literature and often also in the catalogs of optics suppliers. This section is rounded off by a comprehensive overview on the measurement of transfer properties and scatter losses of optics.
The third section of the book comprises detailed information on the involvement of materials, surfaces, and thin films in laser damage phenomena. In view of the enormous diversity of available scientific models and experimental results, a few current topics have been selected as examples representing the major branches of recent research as well as providing fundamental physics, relations, and data. The first three chapters are devoted to studies on materials for high-power lasers and concentrate on prominent applications mainly in the ultraviolet (UV), visible (VIS), and near-infrared (NIR) spectral regions. In this context, quartz and glasses are the most important material class and are considered within an extended chapter. The second chapter in the sequence discusses crystalline materials, especially for the UV spectral region and gives a comprehensive insight into related optical quality factors. Also of highest significance are optical materials for modern laser systems including active laser materials, frequency conversion crystals, and Q-switching materials, which are addressed in the third chapter of Section III. Following the production chain for optical components, the next step is the realization of an adequate surface quality, aspects of which are summarized in the fourth chapter of this section. After a general overview on optical coatings, which is the basis for all the following chapters of the book, two chapters on the optimization of coatings for NIR and fs lasers are included as examples illustrating the vast extent of research concentrated on high-power laser coatings. The final chapter of Section III compiles interesting aspects on the application of optical components for space-born laser systems and also addresses the contamination effects on optical surfaces under laser irradiation.
A book on laser-induced damage cannot be complete without a few insights into typical application areas of high-power coatings. In view of the huge impact of lithography on the development, a chapter on optics for deep ultraviolet (DUV) and EUV regions begins the last section, Section IV, which is on applications. Further applications considered exemplarily in the last two chapters are optics for free-electron lasers and for the large, high-power laser system PHELIX.
The authors of these chapters are associated with renowned research institutes and large-scale laser facilities active in the field for several decades. We hope that this complementary collection of scientific material, fundamental data, and practical information will be of general use and stimulate the interest of scientists, engineers, and technicians to gain deeper insights into the fascinating field of laser damage and its key role in laser technology.
Our thanks are due to the contributors, especially for their time and dedication in writing the chapters alongside their regular obligations and work schedules. giant pulses easily damaged laser rods, cavity reflectors, Q-switch materials, and other optical components used to make the laser emitting the pulse. LID thus became a dominant feature in laser design and laser operations and remains half a century later. Partially transmitting metal film (sometimes called soft coatings) gave way to then called hard coatings made of transparent dielectrics and designs utilizing Brewster angle cut rods, external resonators, and, in some cases, reflectors and output couplers made of uncoated etalons. In addition, conventional material growth techniques had to be replaced to produce laser media with greatly reduced defects and impurities, all with the objective of reducing LID in the laser medium by the intense light produced within the medium.
Within 1 year after the invention of the ruby laser, McClung and Hellwarth reported difficulty of laser operation due to the fact that "output light burned holes in the silvered surfaces" on the ruby laser rod [3].
.2 Development of High-Power Lasers
Precision optical components were rapidly developed in the World War II period, including multilayer, thin film coating to control reflection in complex optical systems. Quality control was essential for high resolution optics. Optical crystals and glasses needed to be free of strain to maintain resolution and avoid unwanted polarization effects. Smooth surfaces, without large amounts of scratches and digs, were produced to reduce scattering losses and increase image quality.
Thus, early laser builders had access to relatively high quality optics. However, while a surface defect may only marginally degrade an image, it can be the site of the initiation of catastrophic LID. Small amounts of absorption-say 1 part in 1000-do not diminish the functionality of an optical component in nonlaser applications but can easily result in damage to a surface, or delineation or ablation of a thin film. In fact, absorbing sites or defects sufficient to initiate catastrophic LID often escape detection using conventional techniques, for example, measurement of absorption by conventional spectrometers.
The demonstration of the first ruby laser served as a sort of proof of existence for lasers. An explosion of scientific and engineering efforts quickly followed as new laser sources were sought. This in turn drove the need for precision beam control and optical components needed for the many innovative ideas for laser applications that followed the laser's invention.
These new high-power optical devices became immediate tools to study nonlinear optics, and became victims of nonlinear optics. The first observation of second-harmonic generation by Peter Frankin [4] and coworkers sparked the beginning of the entire new field of nonlinear optics. Among the first reports of nonlinear refraction were LID tracks in ruby rods due to self-focusing in the medium [5] .
One needs only to consider the electric field produced by a very modest Q-switched laser focused to a small spot; for example, a 1 mJ pulse of a 10 ns duration, focused into a 5 µm radius spot, inside a material of refractive index equal to 1.5 produces an electric field in excess of 5.5 mV/cm (root mean square field = RMS). Such an electric field exceeds the threshold needed for dielectric breakdown in many good dielectric materials, including many used to make components for lasers.
